A detailed characterization procedure based on the numerical fit of a reduced number of measurements has been applied to two fs-laser written Er/Yb-codoped phosphate glass waveguides. One of them was written in a single scan writing process using higher peak power pulses, and the other one by using lower energy pulses and scanning the laser repetitively over the same region 20 times. The relative weight of non-Rayleigh transmission-loss mechanisms is analyzed for the different processing conditions. As a result of these measurements a quality parameter for fs-laser written active waveguides is proposed.
Introduction
The development of fs-laser writing techniques has enabled the production of 3-D waveguiding structures [1] . By doping these structures with rare earth ions, active photonic devices can be fabricated in high-density integrated systems. Among these devices, integrated waveguide lasers stand out due to their strong potential in applications demanding compact, stable and energy efficient devices [2] .
The desirable optimization of the performance of active integrated devices requires not only the improvement of the fabrication procedures (i.e the use of high rep. rate fs lasers [3] , the use of spatial shaping techniques [4] , or the control of aberration effects [5] …) but also a detailed modeling of the propagation of the optical powers (pump, signal and coand counterpropagating amplified spontaneous emission) inside the waveguide and a precise determination of the set of parameters that are included in the model. In particular, the characterization of fs-laser written waveguides involves additional difficulties that require the development of specific techniques. Since they are written inside the material, they are not transversally accessible, which forces using characterization techniques exclusively based on the measurement of in-and outcoupled optical powers [6] . In addition these waveguides show transmission losses with a wavelength dependence that has been shown in some cases to deviate from the λ -4 Rayleigh scattering scaling [7] . Usually, a single transversal fs-laser writing scan process is carried out in order to generate a waveguide [8 ] . However, in order to generate the necessary refractive index variation in a single scan, writing requires high energy pulses that cause unwanted nonlinear effects such as selffocusing, beam filamentation or nonlinear absorption in the prefocal region [9] . In order to avoid these problems writing with low energy pulses has been proposed as an efficient alternative [10] in order to deposit most of the energy in the focal volume region. As a consequence a very small refractive index increase is reached, and then the waveguide has to be rescanned in order to achieve proper guiding conditions. This way, the lower stress generated amongst the pre and post focal volume regions (always along the writing direction) should also contribute to a significant decrease of non-Rayleigh scattering loss (stressed regions with sizes in the μm range).
It this context it must be considered that the laser writing process may induce, depending on the material and the processing conditions, the formation of sidewalls roughness and scattering centers including nano-gratings with spacing's of the order of λ/2 [11] .When these structures present a sub-wavelength size, they can contribute to Rayleigh type losses. Additionally, the formation/redistribution of absorption centers may alter the wavelength dependence of losses, leading to a nonRayleigh type contribution
In this paper we apply a characterization procedure, that we have previously developed [12] , in order to analyze the performance of two waveguides written respectively with laser pulses above and below the nonlinear beam filamentation threshold. For the former, the waveguide was written in a single-scan step whereas for the later a multiscan procedure was used. The best-fit parameters for both waveguides are compared and the dependence on the process conditions of the relative weight of Rayleigh and nonRayleigh transmission-loss mechanisms is analyzed. Finally, a quality parameter that readily describes the relative influence of non-Rayleigh scattering losses is proposed.
Experimental

The laser written waveguides.
Both waveguides were written in a commercial Er: Yb co-doped phosphate glass (MM2, Kigre Inc.) and processed by using a commercial amplified fs laser system (100 fs) working at a repetition rate of 1 kHz. The beam, circularly polarized to minimize the potential formation of nanogratings [11] , was shaped by placing a slit (width=350 µm) in order to get a disk-shaped focal volume [13] . The focusing optics was a 10x microscope objective (NA = 0.26), the scanning speed was 100 μm/s and the processing depth was set to 625 µm. The pulse duration was stretched to 266 fs in order to optimize the energy deposition in the focal volume region in the waveguides written with low energy pulses [10] .
Waveguide #1 was 9.5-mm long and the glass was codoped with ∼2% Er and ∼2.1% Yb (wt.%). The pulse energy was set to 8 μJ, above the non-linear beam filamentation threshold [10] ∼2.6% Er and 2.9% Yb (wt.%) instead. 4-μJ energy pulses were used to suppress beam filamentation effects and 20 scans were carried out. In Fig. 1 the schematics of both writing procedures are shown. Further details regarding the experimental set up used for waveguide writing can be found in [8] . Whereas both waveguides showed single mode propagation at the signal wavelength, the pump power propagated in a multimode regime.
The characterization setup and measurements.
For the characterization of each waveguide an optical amplifier was built using the waveguide as the active medium. The pump laser was a 980-nm semiconductor laser diode and two 980/1550-nm Wavelength Division Multiplexers (WDMs) allowed incoupling the pump and the copropagating signal and outcoupling the amplified signal, the remaining pump and the co-and counterpropagating amplified spontaneous emission (ASE ± ). Pump power attenuation, ASE ± power spectra and small signal gain measurements were carried out for a large pump power range. The maximum available pump power at the waveguide input end was measured to be 245 mW (for a 900 mA laserdiode drive current). The outcoupled optical powers were measured for nine equally-spaced values of the laser-diode drive-current. Due to the multimode regime for the pump propagation inside the waveguide, the outcoupled pump power was measured with a 50 μm-diameter fibre. The attenuation of the pump in the waveguide was obtained from the measurement of the in-and output pump powers. The ASE ± power spectra were registered from 1500 to 1600 nm with an Optical Spectrum Analyser (OSA). For the small signal gain measurements a tunable laser was used as the signal source, with an output power of 3.8 nW at 1534 nm, which was the peak wavelength of the ASE ± spectra. Finally, the signal power attenuation in absence of pump was also measured.
Results and discussion.
Considerations regarding the wavelength dependence of losses.
In [12] a numerical fit procedure for pigtailed packaged waveguides (not transversally accessible) was adapted for active fs-laser written waveguides. Whereas most waveguide fabrication techniques generate smooth refractive index profile variations leading to transmission losses due to Rayleigh scattering (scaling as λ -4 ), fs-laser writing may produce inhomogeneities, sidewall roughness and other loss mechanisms, which become relevant. As a consequence, for this type of waveguides the transmission loss ratio α(980 nm)/α(1534 nm) is beforehand unknown. In order to determine this value, the dependence on the input pump power of the ratio between the counter-and copropagation ASE at the spectra peak wavelength was also fitted. This ratio is strongly influenced by the transmission loss ratio and by any potential unbalance between insertion loss values at both waveguide ends. Moreover, as in the case of pump power attenuation and small signal gain (the other measurements that are used for the numerical fit process), the use of the dependence of ASE -(1534 nm)/ASE + (1534 nm) on the input pump power avoids inaccuracies associated to absolute optical power measurements.
Comparison of waveguides written above and below the non-linear filamentation threshold
The three-step numerical fitting process was then applied to both waveguides. In table I the best-fit parameters are summarized. An excellent agreement is observed in the values of the Yb 3+ -ion absorption cross section and in the coefficients of both energy-transfer mechanisms, Yb 3+ ⇒ Er 3+ energy transfer and Er 3+ upconversion [6] . This agreement confirms the robustness of the numerical fitting process. If the transmission losses are compared, they are significantly lower at the pump wavelength in waveguide #2, furthermore, at the signal wavelength this difference is larger. Accordingly, the transmission loss ratio changes from 1.2 for waveguide #1 to 6.0 for waveguide #2, which is the expected value for this ratio in case of a λ -4 dependence. This difference confirms the predominance of other loss mechanisms over Rayleigh scattering for the single scan written waveguide, and how these mechanisms have a larger effect for longer wavelengths. Moreover, if a power dependence on wavelength, λ -n , is assumed for transmission losses on wavelength, the exponent n acts as a kind of waveguide quality parameter. The closer this parameter value is to 4, the less significant are the non-Rayleigh scattering loss mechanisms. In addition, insertion losses are clearly lower in waveguide #2 for both pump and signal wavelengths. Finally, the additional pump attenuation values due its multimode behaviour have been experimentally confirmed by comparing them to the decrease in the output pump power values if an outcoupling single mode fiber is used instead.
The measured and the numerically calculated values for the best-fit parameters of the pump power attenuation and of the small signal gain as a function of the input pump power are shown in fig. 2 for waveguide #2. Both dependences present a good agreement.
Conclusions
The complete characterization of two fs-laser written waveguides (one in a single writing scan process and the other in a multiscan writing procedure) allows the analysis of the dependence of transmission loss ratio on the processing conditions and the determination of the relative weight of non-Rayleigh loss mechanisms. If, in any case, a λ -n power dependence is assumed for transmission losses as a function of the wavelength, the exponent n acts as a kind of waveguide quality parameter for fs-written waveguides: the closer n is to 4 that this parameter is, the less the dependence on non-Rayleigh scattering loss mechanisms.
